We present the influence of mineralogy and microstructure on the seismic velocity anisotropy of evaporites.
Introduction

22
Although the anisotropic elastic properties of evaporite crystals have long been acknowledged (Kupfer, 23 1989; Sun et al., 1991; Aptukov et al., 2010) , potential interactions between them as contributors to the bulk 24 seismic anisotropy of evaporite rocks are poorly documented. Halite is the dominant mineral in evaporite 25 rock sequences. As such, the study of seismic properties of evaporites has mostly focused on pure crystalline 26 halite (Raymer et al., 2000a,b) . However, chlorides (e.g., halite, sylvite, carnallite), sulphates (e.g., anhydrite, 27 gypsum, polyhalite) and carbonates (e.g., dolomite, calcite), are often found interlayered with halite or in
28
(20 kV acceleration voltage, 70 sample tilt, 15 mm working distance, and spot size 550 on the EVO), 126 (Prior et al., 1999) . Match units for anhydrite were developed from crystallographic data of Hawthorne and 127 Ferguson (1975) transformed from space group Amma (which uses c a b coordinate system) to Cmcm (which 128 uses standard Mermann-Mauguin a b c coordinate system used by Channel 5 EBSD software). Match units 129 for gypsum were developed from crystallographic data of Boeyens and Ichhram (2002) with space group 130 C2/c. Full details of the crystallographic parameters for anhydrite and gypsum are given by (Hildyard et al., 131 2009, Table 3 ). These match units were developed with 60 reflectors. The default halite match units supplied 132 in the Channel 5 HKL phase database were utilised to index halite.
133
Maps were collected over areas sufficiently large to sample a statistically representative number of grains, For anhydrite, indexing rate was improved from ⇠35 % to ⇠60 % by using 4-6 bands (instead of 6-8 143 bands) and band centres. However, some grains with high band contrast remained un-indexed and a very 144 minor proportion of misindexing occurred. Indexing of gypsum used 4-7 bands and band centres. However, 145 some grains with high band contrast remained un-indexed and no detectable misindexing occurred. A minor 146 amount of non-indexed points were due to surface topography generated by severe etching during colloidal 147 silica polishing. No second phases were detected. Indexing was sufficient in most grains to reliably infill 148 non-indexed points using a nearest neighbour algorithm (down to six nearest neighbours), which increased 149 the indexed points from 30 % to 70 % without generation of significant artefacts. Most non-indexed points in 150 all of the EBSD maps were due to surface topography associated with fractures and grains plucked during 151 polishing.
152
Post-processing was done using Channel 5 Tango, and included removal of isolated erroneous points 153 (wildspike correction) and zero solution extrapolation to 6 nearest neighbours. Comparison of the final data 154 with band contrast map (a graphical representation of EBSD quality) by visual inspection shows that no 155 significant artefacts were generated. Grains were detected after noise reduction using a 10 threshold.
156
Pole figures are shown in the kinematic X-Y-Z reference frame (see Fig. 2i ), where X-Y represents the
Seismic property determination
Bulk properties of a polycrystalline rock are commonly calculated by Voigt and Reuss elastic bounds 163 (Mainprice, 1990; Mainprice and Humbert, 1994; Lloyd and Kendall, 2005) . This method is based on the 164 single-crystal elastic stiffness coefficients and density, the modal proportions and the CPO for each mineral 165 constituent. The elastic properties are averaged over the CPO of each mineral, according to their volumetric 166 fraction, using the geometric-mean averaging method (Mainprice, 1990) . This way, the combined stiffness 167 matrix and density of the polycrystalline aggregate are obtained and seismic properties can be derived by 168 solving the Christoffel equation, which is a solution of the wave propagation equation. This yields the three-169 dimensional distribution of the compressional-wave propagation velocity (V P ) and both the fast (V S1 ) and 170 slow (V S2 ) shear-wave propagation velocities. Shear-wave splitting ( V S ) is given by,
which can be used as a diagnostic of seismic anisotropy (Crampin, 1985) . Seismic velocity anisotropy for P 172 wave (AV P ) and for S wave (AV S ) are commonly calculated as,
and
This methodology has been extensively applied to determine seismic properties of various polycrystalline 175 rocks (Lloyd and Kendall, 2005; Valcke et al., 2006; Lloyd and Kendall, 2005; Tatham et al., 2008; Lloyd et al., 176 2009; Dempsey et al., 2011) . We derived the seismic properties of our samples from the measured CPO with
177
EBSD and the mineral modal proportions determined by optical microscopy by following this methodology.
178
This way, we assessed the effect of microstructure on the bulk seismic properties of our selected samples.
179
To quantitatively assess the bulk seismic properties of a polymineralic evaporite due to its mineralogical 180 composition alone we then adopted a rock-recipe approach based on the method described above. This was 181 carried out by systematically varying the modal proportions of the mineral phases, whilst keeping all crystal 182 orientations perfectly aligned to the reference frame (e.g., Tatham et al., 2008; Healy et al., 2009 in the rock. In our measurements, the largest source of error was the accuracy and reproducibility in the 211 identification of the first-arrival travel times, this being more difficult for S-wave than for P-wave arrival 212 times (Fig. 3) . This is mainly due to the polarisation of S waves into fast and slow velocity components in 213 heterogeneous media; but also due to the interference of the S wave with a faster, interface-induced P-wave 214 signal.
215
Equations 2 & 3 are expressions commonly used to quantify velocity variation (also known as coefficient 216 of anisotropy), which is defined as the fractional difference between the maximum and minimum velocities in 217 different directions, usually expressed in percentage (Sheriff, 2002) . These expressions were used to approx-218 imate seismic anisotropy from velocity measurements taken at three orthogonal directions only ( Fig. 4a-b ).
226
Typically, up to 10 crystallographic misorientation is accommodated within grains, and grains are bound 227 by curved to straight high-angle (>10 ) boundaries (Fig. 4d) . The grains are strongly aligned parallel to a 228 foliation, and typically have aspect ratios of 2:1 to 3.5:1 when viewed normal to the foliation plane (Fig. 4d) .
229
A small amount of anhydrite grains (<5 %), of <500 µm size, decorate some of the boundaries of the larger halite grains at high angles to the foliation (Fig. 4d ).
233
[ Figure 4 about here.]
234
The microstructure of PMDH04 consists of interlocking 1-3 mm long grains of halite (⇠95 % modal 235 proportion) that are strongly aligned, defining a foliation ( Fig. 5a-b) . The grains generally contain a small 236 degree (<5 ) of internal crystallographic misorientation, and grain boundaries range in morphology from 237 curved to segmented to straight. When measured perpendicular to the foliation plane X-Y, the grains 238 typically are elliptical with aspect ratios of 1.5:1 to 3.5:1 (Fig. 5d ). This halite specimen does not preserve 239 a significant CPO (Fig. 5e ). This lack of CPO, despite the shape preferred orientation (SPO), has been virtually no internal orientation variations ( Fig. 6b-d) . Grain aspect ratios range from 1:1 to 3.5:1 without a 251 clear SPO (Fig. 6e-h ). Anhydrite preserves a moderate to strong CPO such that poles to {100} are strongly 252 aligned in the X-Y plane (i.e., foliation plane) and poles to {001} form a strong cluster that is highly oblique
253
to the X-Y plane, with a maxima at ⇠20 from the Z direction (Fig. 6i) .
254
[ Figure 6 good triple junctions, and no internal orientation variations ( Fig. 7a-d) . The grain shapes normal to the 257 foliation plane have very low aspect ratios (mostly less than 1.5:1) that are predominantly aligned at ⇠ 45
258
to the foliation visible in the thin section ( Fig. 7e-h ). Anhydrite shows a strong CPO, such that poles to a maximum density at ⇠ 30 from the X direction.
261
[ Figure 7 about here.]
262
The microstructure of BCDH02 consists mainly of gypsum (⇠95 %) with grain sizes typically ranging 50-
263
250 µm ( Fig. 8a-b ). The grains have aspect ratios of 2:1 to 3:1 (Fig. 8c ) and have a bimodal shape preferred 264 orientation with grains aligned along the foliation and at 45 to the foliation (Fig. 8d ). Gypsum shows a 265 strong CPO such that poles to {100} cluster parallel to X and poles to {010} cluster parallel to Z (i.e.,
266
perpendicular to the foliation), (Fig. 8e) . No secondary phases were identified.
267
[ Figure 8 anisotropy in polymineralic evaporites, seismic properties of each mineral phase must first be understood.
272
The seismic velocities of single crystals of halite, anhydrite and gypsum minerals were calculated using the of the compressional wave are parallel to the symmetry axes a b c and slowest oblique to these axes (Fig. 9a ).
279
For anhydrite, the fastest direction of P-wave propagation is parallel to b and the slowest subparallel to c 280 ( Fig. 9b ). For gypsum, propagation is faster subparallel to a and slowest subparallel to c (Fig. 9c) . In terms
281
of the shear-wave splitting, it is maximum oblique to the symmetry axes a b c for halite; anhydrite exhibits 282 maxima parallel to a and b and minimum around c; gypsum shows a maximum parallel to a and minimum 
307
For instance, an aggregate made of 90 % Halite and 10 % anhydrite yields anisotropies of 11.8 % for AV P 308 and of 23.6 % for AV S (Fig. 10c ). These anisotropy magnitudes are 1.5 times larger than those calculated for 309 halite single crystal alone (Fig. 9a) . Implicit in the computed velocity predictions is that the contribution of 310 cracks and pores are not considered. Thus, the modelled results only give a value for the velocity anisotropy 311 arising from the intrinsic mineralogical rock properties of perfectly aligned grains. Therefore, quantification 312 of fabrics using EBSD measurements is required to improve our understanding of the effect of CPO on the 313 bulk seismic anisotropy of natural polymineralic evaporites.
314
[ Figure Using the CPO data acquired by EBSD analysis of the selected samples (Figs 4, 5, 6, 7, & 8) , the single-317 crystal elastic properties of halite, anhydrite and gypsum (Bass, 1995) , and their modal proportions, the 318 seismic properties were calculated. These samples were quasi-monomineralic, which is a situation that allows The orientation distribution of velocities for halite sample PMDH01 (Fig. 11a) clearly reflects halite 328 single-crystal property distribution (Fig. 9a) , slightly rotated. The measured CPO of halite is weak (Fig. 4e) of the fast shear wave (V S1 ) for both halite samples are disturbed from that of single crystal.
334
Seismic velocities of anhydrite sample PMDH02 (Fig. 11c) show girdle-like maxima V P and maxima
335
V S on the girdle, which are subparallel to the foliation, as a result of its moderate CPO (Fig. 6i ). Minima cluster around Y-axis, parallel to the orientation of foliation (Fig. 11d) , reflecting the strong measured CPO 341 (Fig. 7i) . Anisotropy values are 8.92 % for AV P and 7.78 % for AV S .
342
Finally, the velocity distribution for the gypsum mylonite BCDH02 (Fig. 11e ), resulting from a strong 343 CPO (Fig. 8e) , shows maxima V P clearly parallel to foliation and minima V P normal to the foliation.
344
Distribution of V S shows a wide area of maxima perpendicular to the foliation plane, whereas minima 345 V S cluster parallel to the foliation. Values of anisotropy are 13.48 % for AV P and 22.29 % for AV S , which 346 are about a third of those anisotropy values calculated for gypsum single crystal (Fig. 9c) . parallel to Z direction, (Fig. 12) , caused by long grains aligned preferentially on the X-Y plane (Fig. 2g) .
361
V S measurements, on the contrary, produced lower values perpendicular to this fabric. Measured AV P were 362 of 5.82 % and 7.28 % and AV S were of 9.09 % and 8.36 %, for PMDH01 and PMDH04, respectively (Table   363 1), where anisotropies were computed from Eqs. 2 & 3. For both halite samples, the CPO-calculated velocity 364 magnitudes were higher than those measured in the laboratory, since ultrasonic velocity are attenuated by 365 the grain boundaries and porosity. Conversely, the CPO-calculated anisotropy magnitudes were lower than 366 the total anisotropy obtained from ultrasonic measurements (see Table 1 ). The difference between these two 367 anisotropy values can give an estimate of the fraction of the total anisotropy caused by structural elements 368 such as SPO and cracks altogether, being of 3.18-6.59% for AV P and 2.33-6.7% for AV S . Crampin, 1985) . However, the fast and slow shear-wave velocities could 376 not be distinguished during first-arrival time picking, so wave splitting was not calculated. In agreement 377 with previous studies (Trippetta et al., 2010) , depositional bands observed in anhydrite (Fig. 2h) do not to 378 exert significant velocity variation at laboratory pressure conditions. CPO-calculated V P of both anhydrite 379 samples are in agreement with those from ultrasonic tests (Table 1) , while CPO-calculated V S are higher.
380
Velocities for the gypsum mylonite samples showed a marked variation with the direction of measurement,
381
so that the velocities are consistently faster in directions parallel to foliation than those perpendicular to the 382 foliation plane (Fig. 12 observed from the rock recipe ternary plots (Fig. 10b) . This relationship is also supported by the density 392 and velocity measurements in Table 1 . CPO-calculated velocities are higher that those from ultrasonic test.
393
Differences between CPO-calculated and ultrasonic-measured anisotropy are 2.7 % for AV P and 30. The variation of both AV P and AV S , obtained by the rock recipe, suggests that the bulk anisotropies for a 416 halite-dominated evaporite will increase significantly due to a small proportion of anhydrite (Fig. 10b) . These 417 results are based on single crystal orientations, i.e., all mineral phases are perfectly aligned to the sample 418 reference frame. In contrast, calculated anisotropy values using the EBSD-derived CPO of PMDH01 sample, 419 whose anhydrite content was <5 %, are lower than those predicted with the rock recipe (Fig. 11a) (Fig. 4a) , appear to be randomly oriented, so their effect on the bulk properties will be negligible. This is
425
certainly not surprising since CPO of both mineral phases are near random. Studies conducted elsewhere
426
( Dempsey et al., 2011; Ward et al., 2012) suggest that a small amount of highly anisotropic minerals, strongly 427 oriented, can alter significantly the bulk anisotropy of less anisotropic mineral phase also strongly oriented.
428
Simulations of halite and anhydrite fabrics to determine seismic property variations are to be conducted in 429 further work.
430
As for mixtures of anhydrite and gypsum, seismic anisotropies predicted with the rock recipe are sig-
431
nificantly strong and decrease with increasing content of gypsum (Fig. 10b) . Note that the variation of 432 anisotropy strength is non-linear with the proportion of gypsum and, in fact, can cause a destructive in-
433
terference. AV P relationship has a minimum at 30 % anhydrite content, reaching an anisotropy value even 434 lower of that of the gypsum single crystal (Fig. 9c) . When gypsum content increases, so does the anisotropy 435 strength. This behaviour is less apparent for AV S variation curve, where the maximum interference occurs at 436 10 % anhydrite content (Fig. 10b) attenuates significantly V S (Fig. 12b) . Total measured anisotropies are higher than those derived from CPO 469 data.
470
Seismic anisotropies for the gypsum mylonite BCDH02 were the highest calculated from EBSD-derived
471
CPO data as a result of its strong CPO (Fig. 8) an estimate of the total fraction of the bulk anisotropy due to CPO. Such differences are between 2.7-6.59 %
486
for AV P and 2.33-30 % for AV S , which are significant relative to the anisotropy degrees that we have observed 487 all through this study. Since our ultrasonic tests were conducted at room pressure conditions, discrepancies 488 between calculated and measured velocities may be reduced at higher confining pressures (Fig. 12a-b) . The behaviour observed in ultrasonic seismic velocity of gypsum mylonites, where the direction of fast seismic 490 wave propagation is parallel to the foliation, is in agreement with calculated velocities for the gypsum single 491 crystal (Fig. 9c) and also from the CPO-derived seismic properties (Fig. 11e) anhydrite-dominated to halite-dominated samples reflecting the intensity of their CPO. Table 1 : Summary of measured and calculated velocities and anisotropies for the full suite of evaporite samples. Under Sample tag, properties of single crystals are indicated as Single. Under Data type tag, CPO-derived properties are indicated as CPO; ultrasonic measurements are indicated as Ultra. Dry density is ⇢; directions of measurement are X-Y-Z, where X-Y is the foliation plane and Z is normal to the foliation (see Fig. 3 for reference) ; anisotropy values were calculated using Eqs. 2 & 3; ultrasonic measurements were taken at room pressure and temperature. : Equal area, upper hemisphere, stereographic projections of compressional velocity (V P ), shear-wave splitting ( V S , Eq. 1) and polarisation of the fast shear wave velocity (V S1 ) calculated for single crystal of a) halite, b) anhydrite, and c) gypsum relative to the mineral form. Seismic properties were calculated after Mainprice (1990) and appropriate single-crystal elastic properties (Bass, 1995) . Note that the velocity distribution clearly reflects the symmetry class of each mineral. Anisotropies are indicated below the projection in percentages, which were calculated with Eqs. 2&3. Figure 10: a) Ternary diagrams of the bulk seismic anisotropy AV P and AV S predicted by the rock recipe for polycrystalline evaporites consisting of halite, anhydrite and gypsum. Calculations were done after Mainprice (1990) and appropriate singlecrystal elastic properties (Bass, 1995) . Volume fractions were varied accordingly (after Tatham, 2008) , whilst maintaining the CPO regardless the modal content as in c). b) Variation of AV P and AV S for two-phase polymineralic evaporites (after Lloyd et al., 2011b) . Note the destructive interference between between anhydrite and gypsum and the large increment of anisotropy on a halite-dominated evaporite due to a small volumetric fraction of anhydrite. c) Seismic property distribution for halite-dominated evaporite with 10 % anhydrite content.
Figure 11: Equal area, upper hemisphere, stereographic projections of compressional velocity (V P ), shear-wave splitting ( V S , Eq. 1) and polarisation of the fast shear wave velocity (V S1 ) calculated for the indicated samples. EBSD-derived CPO and the stiffness matrix coefficients and densities of single crystals (Bass, 1995) were used for calculations (after Mainprice, 1990) . Samples were assumed monomineralic (i.e., volume fraction = 1). Velocity anisotropies AV P and AV S (Eqs. 2 & 3) are indicated below the projections as percentage. Properties are projected onto the plane perpendicular to the foliation plane X-Y, indicated by a black horizontal line. Note that the colour scales vary between samples. : Calculated and measured velocity and anisotropy plots. Velocities indicated as parallel (i.e., parallel to the foliation plane X-Y) are the average of measurements along X and Y directions, where as those indicated as perpendicular are the measurements along the Z-axis (i.e., normal to the foliation plane). Ultra stands for ultrasonic-measured property; CPO stands for CPO-calculated property. Error bars are the standard deviation. In the legend on the bottom, (A) indicates anhydrite content in those samples.
